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On a typical Western diet, the body is faced with the
generation of a metabolically derived acid load that must be
excreted to maintain systemic acid–base balance. The kidney
is responsible for this task and matches daily acid excretion
with daily acid production. Multiple nephron segments are
involved in the process, including the proximal tubule cell.
This review discusses the acid-activated signaling pathway in
the proximal tubule that senses a decrease in cell pH and
then mediates stimulation of the apical membrane Na/H
antiporter, isoform NHE3. NHE3 mediates secretion of the
majority of protons involved in bicarbonate reclamation, is
involved in ammonium secretion, and provides a source of
luminal protons for titrating filtered titratable acids and
secreted ammonia to ammonium.
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A typical Western diet is acid-laden, with much of the acid
load coming from the metabolism of ingested animal protein.
To maintain systemic acid–base balance, the nonvolatile
portion of this acid load (averaging 70 mmol/day on a typical
Western diet) must be excreted by the kidney with
equivalence between daily production and excretion. This is
accomplished in two ways, one being regulation of base
excretion (bicarbonate and citrate) and the other being
regulation of acid excretion (titrated acids and ammonium).
The proximal tubule of the kidney contributes to these
processes by increasing proton secretion, ammonia synthesis
and secretion, and citrate reabsorption. NHE3, the Na/H
antiporter isoform on the apical membrane of the proximal
tubule, provides the majority of secreted protons that (1)
mediate HCO3
 reabsorption (reclamation from the filtrate),
(2) contribute to NH4
þ secretion (either by Naþ /NH4
þ
exchange or titrating luminal NH3), and (3) titrate filtered
acids, such as phosphate (half of the luminal phosphate is in
the H2PO4
 form by the end of the proximal tubule). NaDC-1,
the Na-dependent dicarboxylate cotransporter, mediates the
reabsorption of citrate, which occurs only in the proximal
tubule, and thus, the activity of this transporter dictates
urinary citrate excretion. Since when metabolized, citrate
consumes three protons (and thus, generates three HCO3

molecules), reabsorbing and metabolizing, rather than
excreting citrate, is equivalent to decreasing base excretion.
This review focuses on the signaling pathway that
mediates acid regulation of NHE3 activity. Na/H antiporters
studied in brush-border membrane vesicles (mammalian
cells) or following reconstitution in proteoliposomes
(Escherichia coli) have been shown to have pH-sensitive
residues that allosterically activate transporter activity when
the intracellular pH (pHi) of the vesicle is decreased.1,2
However, studies in whole animals and cultured cells (see
below) demonstrate that chronic acid stimulation of NHE3
activity is not a direct effect on NHE3, but rather is mediated
by a signaling pathway that involves multiple signaling
intermediates. Thus, while a decrease in pHi may be able to
modify transporter activity, it alone cannot mediate the
physiological response, and therefore, there must be a pH-
sensitive signaling pathway that mediates stimulation of
NHE3 activity in response to an acid load.
Acid-induced stimulation of NHE3 is associated with both
an increase in apical membrane NHE3 abundance and
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increases in mRNA and whole cell protein abundances.3–5
Time-course studies demonstrate that the increase in apical
membrane abundance precedes both the increase in mRNA
and whole-cell protein abundance, and correlates with the
increase in NHE3 activity.3 The studies described below focus
on the signaling pathway responsible for the increase in
apical membrane abundance and resulting stimulation of
NHE3 activity.
INTRACELLULAR VS EXTRACELLULAR pH
Studies in mice and rats have shown that NHE3 activity is
stimulated with acid loading (adding NH4Cl to the drinking
water), ingestion of a high animal protein diet, and chronic
potassium deficiency, conditions that either have been shown or
are presumed to be associated with an intracellular acidosis, but
which are associated with an extracellular acidosis, no change in
extracellular pH or an extracellular alkalosis, respectively.6 In
renal proximal tubule cell culture models, a similar stimulation
of NHE3 activity is observed with media acidification, removal
of potassium from the media, or exposing cells to sodium
propionate, a weak acid that causes cell acidification.5,7–9 While
media acidification decreases extracellular pH, removal of
potassium from the media or the addition of a weak acid to the
media does not. Thus, from both in vitro and in vivo studies, it
is clear that it is the intra- and not extracellular pH change that
chronically regulates NHE3 activity.
IDENTIFYING THE pH SENSOR
As with any signaling pathway, the first step is a ‘receptor’
that senses the agonist. Identifying the protein that serves as
the pH sensor in the acid-activated signaling pathway
requires finding a protein whose functional activity: (1)
increases with a time course that precedes activation of other
components of the signaling pathway, (2) varies in response
to changes in ambient pH over a small, physiologically
relevant range, (3) is required for activation of downstream
intermediates in the signaling pathway, and (4) is required
for acid stimulation of NHE3 activity.
Time course of activation
We have identified a number of proteins in whole-cell lysates
that are tyrosine phosphorylated by acid, including two focal
adhesion proteins (p125FAK and paxillin), and two non-
receptor tyrosine kinases (Pyk2 and c-Src) whose activities
are increased by exposure to acidic media. When comparing
the time courses for acid-induced increases in kinase activity
or tyrosine phosphorylation, Pyk2 kinase activity increases at
30 s, c-Src kinase activity increases between 30 and 90 s, and
p125FAK and paxillin are tyrosine phosphorylated at 2 h.10–12
These data suggest that Pyk2 may serve as the pH sensor.
Response to changes in ambient pH
To address the requirement that the pH-sensing protein’s
functional activity must vary with changes in ambient pH
over a physiologically relevant range, we immunoprecipitated
Pyk2 from OKP cell lysate, exposed purified Pyk2 to pHs
ranging from 7.4 to 6.8, and assayed both autophosphoryla-
tion and kinase activity in vitro.10 Near-maximal autopho-
sphorylation is observed with a decrease of only 0.2 pH units
(7.4 vs 7.2), whereas maximal kinase activity is observed with
a decrease of only 0.4 pH units (7.4 vs 7.0). This effect of
ambient pH is specific for Pyk2, as there is no effect of
lowering pH on p125FAK activity (a related family member)
when it is immunoprecipitated from OKP cell lysate and
incubated in vitro at pHs ranging from 7.4 to 6.8.10
Required for activation of downstream intermediates in the
signaling cascade
In many regulatory systems, following Pyk2 autophosphor-
ylation on Y402, the kinase forms a complex with c-Src by
interacting with the Src SH2 domain, allowing the Src kinase
to unfold, which exposes the kinase domain, permitting
phosphorylating on Y416 and activation of Src.13 Activated c-
Src then binds to and tyrosine phosphorylates Pyk2 in its
kinase domain, enhancing its kinase activity and either
exposing binding sites for other signaling intermediates to be
recruited by Pyk2 or activating downstream signaling
molecules.14,15 We have shown that acid feeding (rats) or
exposure to acidic media (MCT and OKP cells) increases c-
Src kinase activity, and that this increase in activity is
required for acid stimulation of NHE3 activity.7,10 To
demonstrate that Pyk2 activates c-Src in renal epithelial cells
in response to acid, OKP cells were transfected with a
dominant-negative Pyk2 construct (pyk2K457A), which pre-
vented the effect of acidic media on c-Src kinase activity.10
Exposing cells to acidic media and then immunoprecipitating
Pyk2 shows increases in c-Src abundance in the immunopre-
cipitate.10 Similar results were found when c-Src was immuno-
precipitated and Pyk2 abundance assayed in the precipitate. In
both experiments, the abundance of the Pyk2/c-Src complex
increases within 90 s of exposure to the acidic media. The time
course of the increase in complex formation is consistent with
acid stimulation of Pyk2 kinase activity at 30 s and activation of
c-Src kinase activity between 30 and 90 s. The acid-induced
increase in c-Src binding to Pyk2 is specific for c-Src, as acidic
media does not increase binding of Grb2 to Pyk2 even though
there is a putative Grb2 binding site in the C-terminal region of
Pyk2.10 In addition, acid-induced c-Src binding to Pyk2 was
shown to be necessary for acid stimulation of NHE3 activity by
demonstrating that in the presence of a Pyk2 mutant that
prevents c-Src binding (Pyk2Y402F), incubation of cells in acid
media was without effect on NHE3 activity.10
Required for acid stimulation of NHE3 activity
The last requirement for Pyk2 to be confirmed as a pH sensor
in the acid-activated signaling pathway is that Pyk2 be
required for acid stimulation of NHE3 activity. This require-
ment was demonstrated by transfecting cells with either
pyk2K457A (the dominant-negative construct) or a small
interfering RNA against pyk2 (siRNApyk2), and assaying acid
regulation of NHE3 activity. In the presence of either
construct, acid was unable to stimulate NHE3 activity.10
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The above studies demonstrate that Pyk2 has four
characteristics needed to serve as a key pH sensor for acid
regulation of NHE3 activity. It should be noted that there are
other signaling proteins expressed in the proximal tubule
proposed to be activated by changes in proton concentration
(pH). Recently, a subgroup of G protein-coupled receptors
were described that may contain pH sensors; however,
members of this family are activated by decreases in
extracellular pH.16 This characteristic makes them unlikely
to be the pH sensors of the acid-regulated signaling pathway
because, as mentioned above, both in vivo and in vitro studies
demonstrate that the acid-regulated response in the proximal
tubule cell is mediated by decreases in intracellular, not
extracellular pH.
Pyk2
Pyk2 is a nonreceptor tyrosine kinase that is a member of the
p125FAK family.17 In kidney-derived cells (OK cells), it is also
activated by cholinergic agents, angiotensin II, and CO2, and
involved in regulation of sodium bicarbonate cotransporter
activity.18 In osteoclasts, Pyk2 is required for normal
formation of the actin ring at the adhesion site where
osteoclasts attach to bone, and for normal bone resorption, a
process mediated by acid secretion onto the bone surface.13
While c-Src is also required for this process, c-Src kinase
alone is not sufficient to rescue the bone resorbing phenotype
in the absence of active Pyk2 kinase activity.13 Thus, there is
precedence for Pyk2 to be required for proton secretory
functions in other cell types.
Effect of acid on Pyk2 activation
In an attempt to understand how a decrease in ambient pHi
activates Pyk2 kinase, studies were carried out examining the
sensitivity of Pyk2 kinase activity to ambient adenosine
triphosphate (ATP) concentrations. When ATP concentra-
tions were varied between 5 and 200 mM, kinetic analysis of
the data demonstrates that acid pH has no effect on maximal
kinase activity, but does increase the affinity of the kinase for
ATP. The calculated KmATP decreases significantly from
129 mM at pH 7.4 to 51 mM in the presence of an acid pH
(6.8).10
The above studies suggest that for changes in ambient pH
to regulate Pyk2 kinase activity, ATP concentrations in the
vicinity of the kinase need to be in the mM range, rather than
the mM range that has been measured in intact kidney
tissue.19 Data examining regulation of the Na/K-ATPase in
the renal proximal tubule cell suggest that whole-cell
measurements of ATP concentrations probably do not
accurately reflect the physiological situation and that there
exist cellular compartments or microdomains within the cell
that have lower ATP concentrations. Mandel et al.20–22
measured Na,K-ATPase activity in isolated perfused proximal
convoluted tubules that were exposed to rotenone, a specific
mitochondrial inhibitor. Rotenone decreased cell ATP
content by 30% and Na,K-ATPase activity by a similar
percentage. To confirm that the effect on Na,K-ATPase
activity was not a toxic or nonspecific effect of rotenone,
similar studies were carried out in which cells were phosphate
depleted. In these studies, cell ATP content decreased by 45%
and Na,K-ATPase activity, again, by a similar percentage. To
address this issue further, studies were carried out in which
intact proximal tubules were exposed to graded rotenone
concentrations, and both cell ATP concentration and Na,K-
ATPase activity measured. The results showed that Na,K-
ATPase activity is a linear function of cell ATP content,
demonstrating that in the intact tubule, the Na,K-ATPase is
functioning on the linear part of the ATP dependence curve,
and that in intact proximal tubules ATP levels are not
saturating for the Na pump. Additional studies using the
isolated enzyme demonstrated that the KmATP is in the
300–500 mM range. The findings that the KmATP of the isolated
enzyme is in the mM range and that a linear relationship exists
between ATP concentration and enzyme activity in the intact
tubule strongly suggest that the ATP concentration in the
vicinity of the Na,K-ATPase enzyme is much lower than the
measured mM whole-cell concentration. Our data for acid
regulation of Pyk2 kinase activity are consistent with the need
for a ‘local’ ATP concentration that is much lower than that
measured in cell cytoplasm.
Support for ‘low’ ATP concentrations within the cell also
comes from kinetic studies on the rat brain Na,K-ATPase,
which has both high (KmB1 mM) and low (KmB0.4–0.5 mM)
ATP affinity sites.23 Both sites are involved in enzymatic and
transport characteristics of the protein, providing strong
evidence for mM ATP concentrations in the vicinity of the
ATPase.
Calcium dependence of Pyk2 activation
In many cell types, Pyk2 activation is mediated by increases
in cell calcium. In our studies, acid was unable to increase
Pyk2 kinase activity in a cell-free system in the presence of
ethylene glycol-bis(b-aminoethyl ether)-N,N,N’,N’,-tetraace-
tic acid (EGTA), demonstrating calcium dependence.10,17
However, media acidification does not increase cell calcium
in OKP cells in the time frame of Pyk2 activation. Thus,
calcium is required for Pyk2 activation by acid, but increases
in calcium do not mediate the effect. While BAPTA and
KN62 (which complex intracellular calcium and inhibit CaM
kinase II, respectively) both prevent acid and endothelin-1
(ET-1) stimulation of NHE3 activity, these effects are likely
downstream in the cascade24 (Yang et al., unpublished
observations).
ET-1 AND THE ENDOTHELIN B RECEPTOR ARE KEY ELEMENTS
OF ACID-INDUCED NHE3 STIMULATION
In identifying intermediates of the acid-activated signaling
pathway, key observations were made indicating that the
effect of acid on NHE3 activity is mediated by ET-1 signaling
through the endothelin B (ETB) receptor.
25 First, when given
an acid load, mice in which the ETB receptor has been
knocked out in the kidney develop a more severe acidosis
compared to control mice and do not demonstrate an
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increase in NHE3 activity in brush-border membrane vesicles
harvested from the cortex.26 Similarly, exposing OKP cells to
a specific ETB receptor blocker (BQ788) prevents stimulation
of NHE3 activity by media acidification (Yang et al., J Am Soc
Nephrol 2000; 11: 12A (abstract)). Second, intracellular
acidosis stimulates transcription of ET-1 in OKP cells
exposed to acid media and in isolated proximal tubules
and glomeruli harvested from mice given an acid load26,27
(Yang et al., J Am Soc Nephrol 2000; 12: 12A (abstract)).
Lastly, both acid and ET-1/ETB stimulation of NHE3 activity
are dependent on tyrosine kinase pathways, are Caþ 2-
dependent, require RhoA-mediated stress fiber formation,
and involve exocytic insertion of NHE3 into the apical
membrane3,12,28–30 (Yang et al., unpublished observations; Li
et al., unpublished observations).
ORDERING OF THE SIGNALING INTERMEDIATES IN THE ACID-
ACTIVATED SIGNALING PATHWAY
Studies from our laboratory have shown that acid, but not
ET-1/ETB stimulation of NHE3 activity, requires the non-
receptor tyrosine kinases Pyk2 and c-Src, and the mitogen-
activated protein kinases extracellular signal-regulated kinase
(ERK) 1 and 2, placing these acid-activated signaling
intermediates upstream of ET-1/ETB in the signaling path-
way7,10 (Li et al., unpublished observations). In addition, acid
stimulation of NHE3 activity is associated with increases in
mRNA abundance of the immediate early genes c-fos and
c-Jun and an increase in activity of the transcription factor
activator protein-1 (AP-1) (both c-fos and c-Jun are part of
the AP-1 complex).24,31
As discussed above, Pyk2 appears to serve as a pH sensor,
which then mediates activation of c-Src. However, prelimi-
nary studies in our laboratory have shown that neither Pyk2
nor c-Src are required for the acid-induced increase in c-fos
mRNA abundance and that c-Src is not required for acid
stimulation of ERK1,2 kinase activity (Li et al., unpublished
observations). Thus, in the acid-activated signaling pathway,
Pyk2 and c-Src appear to be part of a pathway that is parallel
to a pathway involving ERK1,2 and c-fos, both of these
pathways are upstream of ET-1/ETB signaling, and both are
required for acid stimulation of NHE3 activity.
REGULATION OF ET-1 TRANSCRIPTION
As mentioned, the acid-induced increase in mRNA abun-
dance of the immediate early genes c-fos and c-Jun is
associated with increases in AP-1 activity.31 We have shown
that the AP-1 binding site at nucleotides 109 to 102 in the
human ET-1 promoter is required for acid regulation of ET-1
transcription (Laghmani et al., J Am Soc Nephrol 2000; 11:
6A(abstract)). As ERK 1 and 2 are well-known regulators of
c-fos and c-Jun, we propose that a decrease in pHi leads to
ERK1,2 activation, which then mediates the increases in c-fos
and c-Jun abundance and AP-1 activity that are responsible
for increased transcription of the ET-1 gene in proximal
tubule and glomerular cells.27 Besides the immediate early
gene pathway, in very preliminary studies we have recently
found that while Pyk2 and c-Src are not required for
acid regulation of ERK1,2 activity and c-fos mRNA
abundance, they are required for acid stimulation of ET-1
transcription (Li et al., unpublished observation). Thus, the
two parallel acid-activated signaling pathways upstream of
ETB signaling appear to converge on acid regulation
of ET-1 transcription. While it is clear as to the role that
the ‘ERK1,2/immediate early gene’ pathway plays in regula-
tion of ET-1 transcription, the role that the ‘Pyk2 and
c-Src’ pathway plays is not yet known. Since multiple
physiological processes involve increases in ERK1,2 and
AP-1 activity, it is possible that Pyk2, by being the pH
sensor, activates a c-Src-dependent pathway that is required
for ET-1 transcription, ensuring that ET-1 mRNA abundance
does not increase (leading to increased NHE3 activity) in
response to activation of the ERK pathway in a situation
in which stimulation of NHE3 activity would not be
appropriate.
REQUIRED ETB RECEPTOR REGION
The endothelin A and B receptors have a high degree of
homolog, yet in the presence of the ETA receptor ET-1 does
not stimulate NHE3 activity.29,32,33 To determine the amino
acid residues of the ETB receptor that determine the receptor
specificity of the ET-1 effect, we first examined the role of the
C-terminal tail.34 When the C-terminal tail is removed from
the ETB receptor, or replaces the C-terminal tail on the ETA
receptor, ET-1 is without effect on NHE3 activity, demon-
strating that the ETB receptor is necessary, but not sufficient
for ET-1 stimulation of NHE3 activity. Additional studies
carried out using chimeric constructs of ETA/ETB receptors
identified the second intracellular loop of ETB as necessary
for ET-1 stimulation of NHE3 activity.34 Individual substitu-
tions of the six ETB amino acids that differ between the ETA
and ETB receptors in the second intracellular loop with the
corresponding ETA residues identified four amino acids (two
lysine (K) and two valine (V)) that are required for ET-1
stimulation of NHE3 activity. Each lysine/valine pair is
separated by three residues that are necessary for spacing
between the pair, and the pairs (KXXXV) are separated by a
necessary proline residue. Thus, these studies identified a
consensus sequence (KXXXVPKXXXV) in the second
intracellular loop of ETB that is required for ET-1 stimulation
of NHE3 activity.34
SIGNALING DOWNSTREAM OF ET-1/ETB
At present, the relationship between signaling intermediates
downstream of ET1/ETB has not been elucidated fully. As
mentioned, ET-1 stimulation of NHE3 is tyrosine kinase-,
Caþ 2-, and Rho kinase-dependent28,29 (Li et al., unpublished
observations). Thus, Caþ 2 is required for both Pyk2
activation (pathway upstream of ET1/ETB) and ET-1
stimulation of NHE3 activity (pathway downstream of
ET1/ETB). ET-1/ETB stimulation of NHE3 activity is also
associated with phosphorylation of NHE3 on multiple
threonine and serine residues.35
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In addition, stress fiber formation is required for both
acid- and ET-1-induced increases in apical membrane NHE3
abundance and stimulation of NHE3 activity.3,12,30 Media
acidification increases tyrosine phosphorylation of a number
of cell proteins, including two focal adhesion proteins
p125FAK and paxillin,12 and inhibition of tyrosine kinases
with Herbimycin A partially blocks both acid and ET-1
stimulation of NHE3 activity.12,28 The similarities between
the effects of Herbimycin A, the requirement for stress fiber
formation, and the exocytic movement of NHE3 to the apical
membrane in both acid and ET-1-treated cells are consistent
with ET-1/ETB signaling mediating the effect of acid on
NHE3 exocytosis and NHE3 activity.
Studies in which Rho kinase (the downstream mediator of
RhoA effects on cytoskeletal re-organization) was selectively
inhibited with Y27632 demonstrated that acid-induced stress
fiber formation is Rho kinase-dependent. This observation is
consistent with previous studies in which we showed that
Latrunculin B, which blocks F-actin filament growth and
stress fiber formation, completely blocks both acid and ET-1
stimulation of NHE3 activity.3,30 However, acid-induced
tyrosine phosphorylation and increases in p125FAK and
paxillin protein abundance are not Rho kinase-dependent
and Herbimycin A, which completely blocks acid-induced
tyrosine phosphorylation of all cell proteins, only partially
blocks stress fiber formation and the acid and ET-1 effects on
NHE3 activity.12,28 Thus, Rho kinase is required for stress
fiber formation, increases in NHE3 apical membrane
abundance, and stimulation of NHE3 activity. Associated,
but Rho kinase independent is acid-induced tyrosine
phosphorylation of a number of cell proteins that is required
for the full effect of acid on stress fiber formation and NHE3
activity. The role of these proteins is yet to be determined.
CONCLUSION
To maintain systemic acid–base balance, the kidney must
excrete an amount of acid equal to daily production. While
many nephron segments contribute, the process begins in the
proximal tubule, where stimulation of NHE3 activity plays a
key role. Our present hypothesis (Figure 1) is that the
proximal tubule possesses an acid-activated signaling path-
way that is initiated by intracellular acidosis, which may or
may not be associated with extracellular academia. The
intracellular acidosis is sensed by Pyk2 kinase, which then
activates c-Src. In a parallel pathway, acid activates the
mitogen-activated protein kinases ERK 1 and 2. The resulting
increase in c-fos/c-Jun abundance (AP-1 activity), together
with a Pyk2/c-Src-dependent factor, then increases ET-1
transcription. The signaling intermediate(s) involved in
Pyk2/c-Src regulation of ET-1 transcription are currently
unknown, as is (are) the signaling intermediate(s) responsible
for acid-induced increases in ERK1,2 kinase activity and the
increases in c-fos and c-Jun mRNA abundances and AP-1
activity.
ET-1 then functions in an auto- or paracrine manner to
activate the ETB receptor. Downstream of the ETB receptor
are tyrosine kinase- and calcium-dependent pathways, RhoA/
Rho kinase-dependent stress fiber formation, and NHE3
phosphorylation. The role of Ca2þ and NHE3 phosphoryla-
tion are currently unknown. Tyrosine phosphorylation of cell
proteins and stress fiber formation are associated, but
independent acid-stimulated processes, both being required
for the full effect of acid or ET-1 on NHE3 activity. The acid-
induced increase in apical membrane NHE3 abundance,
which precedes an increase in either NHE3 mRNA or
whole cell protein abundance, accounts for, at least, the
short-term increase in NHE3 activity that is associated with a
decrease in pHi.
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